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Abstract: Current methods for fabricating lenses rely on mechanical processing of the lens or 
mold, such as grinding, machining and polishing. The complexity of these fabrication processes 
and the required specialized equipment prohibit rapid prototyping of optical components. This 
work presents a simple method that leverages the basic physics of surface tension and 
hydrostatics for rapidly fabricating a variety of lenses with optical surface quality and without 
the need for any mechanical processing. This approach allows to fabricate all types of spherical 
lenses (positive, negative, meniscus) over a wide range of sizes and curvatures, as well as lenses 
of special structure and topography (aspherical, saddle, bi-focal, doublet). The method is 
inexpensive, does not require specialized equipment and can be implemented using a variety of 
curable liquids. 
 
Main text: Lenses are a key component of any optical system, from microscopes to telescopes, 
holograms, eye-glasses, data storage, lasers, and many more.  Direct fabrication of lenses, 
whether through form-giving methods or by microstructuring techniques, relies on mechanical 
processing such as grinding and machining, followed by polishing of the optical surfaces. [1] 
The requirement for high quality surfaces requires specialized and expensive equipment, and 
the fabrication of non-standard optical surfaces remains a challenge. [1,2]  Molding-based 
methods, in which a curable liquid (typically a polymer) can be repeatedly injected into a mold, 
significantly improve the cost-effectiveness of fabrication, as a single mold can be used to 
produce a large number of lenses. However, the fabrication of the molds themselves suffers 
from similar difficulties as direct fabrication.  
Due to the currently required infrastructure for lens fabrication, rapid prototyping remains a 
significant challenge.  It is natural to consider 3D printing technologies as a potential platform 
for lens prototyping, yet thus far the quality of prints is inadequate for high quality optical 
application. [3] Furthermore, 3D printing time is proportional to the volume being printed [4] and 
thus large lenses or a large number of lenses require substantial time to fabricate.  
Very small lenses can be produced rapidly and with a high surface quality, by leveraging the 
smooth liquid-air interface of small polymer droplets, followed by their curing. [5–7] The size 
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restriction is imposed by the relative importance of gravitational to surface tension forces, 
characterized by the capillary length of the liquid polymer, which for most liquids at standard 
conditions is < 3 mm. [8] As the diameter of the droplet approaches the capillary length, 
gravitational forces become dominant.  On top of a horizonal surface, large droplets will be 
flattened by gravity, resulting in loss of their spherical shape. Lee et. al. [5] showed that under 
precise conditions droplets can also be stably suspended from a ceiling, and take the form of 
non-spherical lenses. However, the size of such lenses is also limited to a very narrow range of 
small diameters.  
We here present a simple method for rapid fabrication of a variety of high surface-quality lenses 
that is not limited by size and does not require specialized equipment. The method is based on 
the injection of a fluidic polymer into an immiscible immersion liquid environment. Under such 
conditions, in addition to gravity, the liquid polymer experiences buoyancy forces. When the 
density of the immersion liquid is set to match that of the polymer, neutral buoyancy conditions 
are achieved, effectively eliminating the dependence on the capillary length. The shape of the 
resulting lens is determined solely by the injected volume and the geometry of any bounding 
surfaces in contact with the lens liquid. After the desired shape is obtained, the lens is cured 
(e.g. polymerized or cross-linked) using standard methods (e.g. photoactivation, thermal 
setting), and can be removed from the immersion liquid. Due to the natural smoothness of the 
interface between the polymer and the immersion liquid, the quality of the resulting lens is 
dictated by the molecular polymerization scale, and does not require polishing.  
We demonstrate the fabrication of plano-convex, plano-concave, bi-convex, bi-concave, bi-
focal, meniscus lenses, in addition to non-standard surfaces such as cylindrical lenses, saddle 
lenses, and aspherical lenses. We also show simple fabrication of doublet lenses based on the 
combination of several polymers of different indices of refraction.  
Figure 1 presents a schematic illustration of the key components required to create buoyance-
based lenses. The system is comprised of a liquid chamber, an immersion liquid, a lens liquid, 
and a bounding surface which can take, for example, the shape of a pad (figures 1c,d) or a 
suspended ring (figures 1a,b). The material of the bounding surface is selected such that it has 
high affinity to the lens liquid and low affinity to the immersion liquid (e.g. if the immersion 
liquid is water-based, and the lens-liquid is an immiscible polymer, then any common plastic 
can serve as the bounding surface). The entire chamber is filled with the immersion liquid of 
density imρ . A finite volume of lens liquid of known density lensρ  is injected in contact with the 
bounding surface and, by the choice of above-mentioned properties, wets it entirely. 
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Figure 1. Schematic illustration of the experimental setup for rapid prototyping of buoyancy-based 
lenses. The setup consists of bounding surfaces submerged within an immersion liquid, into which 
an immiscible lens liquid is injected.  The volume of the injected liquid, the shape of the bounding 
surface, and the difference in densities between the immersion and lens liquids, determine the final 
shape of the lens. The four cases presented correspond to a positive spherical lens, a negative 
spherical lens, a cylindrical lens, and a saddle lens, yet many other lens shapes can be created.  
As a particular yet illustrative example, consider a liquid lens of density lensρ , pinned by a 
circular frame of radius a  and height H , that is suspended in an immiscible immersion liquid 
of density .imρ We assume that the difference in densities is small enough such that the Bond 
number is sufficiently small, 2 2/ 1cBo a= << , where, /c gγ ρ=  , is the capillary length,
lens imρ ρ ρ= −  and g  is Earth’s gravity. Under this assumption, surface tension forces 
dominate, and the interfaces between the two fluids take the shape of spherical caps with an 
upper radius upR  and a lower radius .lowR  The volume of the liquid lens is assumed to be 0V  and 
is equal to the sum of the volumes of the two caps and the cylinder enclosed in the bounding 
frame. If one of the surfaces has a negative curvature, i.e., the cap curves inwards (toward the 
frame, see figure 2b), we take its volume to be negative as well.  Defining lowh and uph  as the 
height of the spherical caps relative to the fame edge, the lens volume can be expresses as  
 ( )( )2 3 3 20 36up low frame up low up lowV V V V a h h h h a H
π π= + + = + + + + , (1) 
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where j  indicates the upper or lower cap, and jh  is related to jR  through ( )2 2 / 2j j ja h h R+ = . 
The two forces acting on the suspended lens liquid are the surface tension 
( )2 2, 2 /j j jF a h Rγ πγ= +  and the gravitational force 0gF gVρ= −  , which must balance each 
other, thus 
 0 2 .4up low c
Vh h h
π
∆ = − =

 (2) 
Substituting equation (2) into equation (1), we obtain 
 ( ) ( )3 2 2 2 2 3 20 2 3 3 66 low low lowV h h h a h a h h a H
π π = + ∆ + + ∆ + + ∆ +  . (3) 
Prescribing desired spherical radii upR  and lowR  sets the values of uph  and lowh  and yields a 
unique solution for the volume of the lens. Equation (2) can then be used to obtain the capillary 
length and thus the required density difference. We note that equation (3) depends purely on 
geometrical parameters and not on the physical properties of the liquids. As such, it is scale 
invariant, and can in principle be applied for fabricating lenses of any size.  
 
Figure 2. Experimental images of spherical lenses produced using a circular bounding surface, 
and their comparison with analytical predictions based on equation (3). (a) Neutral buoyancy 
conditions with 0 frameV V>  result in positive and symmetric spherical lenses. (b) Varying the density 
of the immersion liquid for a fixed volume (here 0 frameV V> ) results in asymmetric spherical lenses. 
(c) Neutral buoyancy conditions with 0 frameV V<  result in negative and symmetric spherical lenses. 
Figures 2a,c show the shape of the resulting lens as a function of the lens liquid volume. We 
inject the lens liquid manually into the frame using a syringe, while maintaining contact with 
the frame’s inner surface to ensure its wetting. When the injected volume, 0V , is larger than the 
volume enclosed by the frame ( 20 frameV V R hπ> = )  the lens obtains a positive curvature. 
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Similarly, for 0 frameV V< , a negative lens is obtained.  In both cases, the surface of the resulting 
lens shows an excellent fit to a circular section (see figure 3a). In the case of unmatching 
densities, the up-down symmetry is broken by the additional buoyancy forces, results in an 
asymmetric lens. Figure 2b presents the shape of a fixed volume lens, at different immersion 
liquid densities.  The remaining step in fabrication of the lens is curing of the polymer, which 
depends on the specific material chosen. In principle, any liquid material can be used, provided 
that it can be solidified and that an immersion liquid can be identified. A large number of 
common polymers are immiscible in aqueous solutions and have a higher density than water, 
making water a natural choice for an immersion liquid.  In this work, we demonstrate curing of 
PDMS (Sylgard 184, Dow, MI), and UV adhesive (NOA81, NOA61, NOA 65, NOA68, 
Norland, NJ). The PDMS lenses are cured by incubating them at 60 C for 4 hr or at room 
temperature for 24 hr. The UV adhesive is cured by exposure to light at 365 nm (a 36 W 
consumer grade nail lamp) for between 2-7 min, depending on the thickness of the lens and the 
specific adhesive chosen. Following curing, the solid lens is removed from the immersion liquid. 
Figure 3 presents a variety of spherical lenses produced by the buoyancy method.   
 
Figure 3. Images of cured spherical lenses produced using the buoyancy method.  (a-b) Side and 
front views of a positive lens. (c) A surface profile measurement of a spherical lens produced from 
NOA 81 UV adhesive (red), compared to a least square fit of a circular section (blue). The RMS of 
the data relative to the fit is 5.5 nm, and the Ra is 4.4. nm. (d-e) Side and front view of negative 
spherical lenses, including a 2” (50 mm) diameter lens (exceeding the capillary length at normal 
conditions by ~30-fold). In the side view, we wetted the negative lens with a red dye, for better 
visualization of its profile. (f-g) Side and isometric views of a negative meniscus lens section.  In 
the side-view, we artificially colored the cross-section in black to better visualize the lens shape.  
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Figures 3a-b present a side view and a front view of an asymmetric positive spherical lens after 
curing. Among the tested polymers, the best surface qualities were obtained using the NOA 
adhesives, and figure 3c shows surface profile measurements obtained using reflective digital 
holographic microscopy, (DHM-R, LynceeTec) of a spherical lens produced from NOA 81 UV 
adhesive. The measured profile shows excellent agreement with a least square fit of a circular 
section, and the measured surface roughness can be characterized by an RMS value of 5.5 nm 
or an Ra value of 4.4 nm. Figures 3d-e present a side view and front view of a negative 
symmetric PDMS lens with a diameter of 50 mm. This shows the ability to create lenses that 
are much greater than the capillary length of the polymer in the absence of an immersion liquid 
(~ 1.5 mm).  Figures 3f-g present cut and isometric views of a negative asymmetric lens (i.e. a 
meniscus lens) which is commonly used (e.g. in eyeglass lenses) for correction of spherical 
aberrations.  
To this point our demonstration has focused on spherical lenses which are the most common 
optical components. However, the buoyancy method can also be used to produce many different 
non-spherical lenses, by varying the shape of the bounding surface and/or utilizing larger 
density differences.  For example, in figure 4a we used a disk-shape pad on which the polymer 
is deposited.  The density of the immersion liquid is set such that 1Bo ≈ , implying that 
buoyancy forces and surface tension are equally important. Around this Bond number, the 
fluidic interface can deform to a stable non-spherical form. The resulting shape is identical to 
the case of a droplet hanging from a ceiling under gravity.[5] However, for hanging droplets 
1Bo ≈  sets a specific size for the lens, whereas the buoyancy method enables to achieve 1Bo ≈  
for any lens size by adjusting the density difference.  Figures 4b-c and 4g-i present isometric 
views and profilometry images of a cylindrical lens and a saddle lens, created using the same 
U-shaped bounding surface as illustrated in figures 1c-d. When the polymer wets the frame, it 
obtains two orthogonal curvatures that depend on the dimensions of the frame and the volume 
of the liquid. For a small volume (yet sufficient to wet the entire surface) the two curvatures are 
opposite in sign (i.e. concave and convex) and a saddle lens is obtained (figures 4g-i). As the 
injected volume is increased, one of the curvatures decreases while the other increases. When 
one of the curvatures reaches zero, a cylindrical lens is obtained (figures 4b-c). A circular lens 
can be easily cut out from the original U-shaped surface, as shown in figure 4h. Additional 
useful lenses can be produced in a two-step process. Figure 4e shows bi-focal lens produced by 
first creating a positive spherical lens which is then cut in half and used as bounding surface to 
create another spherical lens.  Since both parts are made of the same polymer, their interface is 
seamless.  Lastly, figure 4d shows the result of a two-step process in which we first produced a 
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negative spherical lens, on top of which we created a positive spherical lens (colored in blue for 
clarity).  When each step is produced using a liquid polymer with a different index of refraction, 
a doublet lens is obtained.  
 
Figure 4. Images and characterization of special lenses produced using the buoyancy method.  
(a) An aspherical lens produced by using a circular pad as a bounding surface and setting 1Bo ≈ . 
The aspherical shape of the lens is evident when compared to a regular spherical lens with a similar 
diameter.  (b) An isometric view of a cylindrical lens produced by using a U-shaped pad as a 
bounding surface and adjusting the lens volume until zero curvature is obtained along one of the 
axes. (d) A doublet lens created via a two-step process, where a positive lens (here in blue) is 
created on top of a negative lens. (e) A bi-focal lens created via a two-step process, where a 
spherical lens is cut in half and used as a bounding surface to produce a new lens with different 
curvature. (g) A saddle lens produced by using a U-shaped pad as a bounding surface. (h) A 
circular cut of the saddle lens.  (c,f,i) Profilometry surface measurements (in mµ ) of a cylindrical, 
spherical and saddle lens, respectively.  
In conclusion, we have demonstrated a simple, buoyancy-based method for rapid fabrication of 
a variety of high surface-quality lenses.  The method is generic, in the sense that it can be 
applied at any size or scale (i.e., large lenses or/and a large number of lenses) and can in 
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principle be applied to any curable lens liquid; In this work, we tested PDMS which is thermally 
cured and produced flexible lenses with an Ra of 6.6 nm and NOA adhesive which is UV curved 
and produced rigid lenses with an Ra of 4.4 nm. Other curable liquids are expected to yield 
lenses with different mechanical and optical properties.  Since most polymers shrink by several 
percent upon curing, this change in volume should be taken into account in the design process. 
There are three degrees of freedom for designing a buoyancy lens – the volume of the lens, the 
density difference between the lens liquid and the immersion liquid, and the shape of the 
bounding surface. These degrees of freedom allow us to design lenses with spherical and non-
spherical surface topographies.  The latter makes the buoyancy method attractive not only as a 
basis for the production of regular optical components, but also as a novel approach to freeform 
optics where fabrication of non-spherical high-quality lenses remains a challenge. [9] 
Importantly, the method does not require specialized equipment, and the high surface is 
naturally achieved using fluidic interfaces, without the need for sophisticated and expensive 
polishing processes.  It can thus find use both as a method for rapid prototyping of lenses, as 
well as a basis for low-cost mass fabrication, particularly in low resource settings. 
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